A linear numerical model forced by monthly shipboard wind estimates used to study the interannual response of the tropical Pacific Ocean for 1961-1970 (Busalacchi and O'Brien, 1981 is extended through December 1978. The additional 8 years include the 1972 and 1976 Los Ninos and the aborted event of 1975. Model pycnocline variations at several locations are compared with observed sea-level ftuctuations. EI Nino events are depicted as periods when the pycnocline is persistently deep along the eastern boundary. Remotely forced equatorial Kelvin waves are responsible for this response. The character of each simulated EI Nino is strongly dependent on the relation between zonal wind stress changes in the western and central equatorial Pacific. There are important differences in the location and timing of the wind changes associated with each EI Nino. During the 1970's, the easterlies in the central equatorial Pacific had more of an active role in the evolution of El Nino than in the previous decade. In the western tropical Pacific a rapid shoaling of the pycnocline during each EI Nino is caused by westward-propagating Rossby waves. Interannual pycnocline displacements in the central equatorial Pacific are determined by the superposition of Kelvin waves excited to the west and first horizontal-mode Rossby waves generated to the east.
Islands are representative of the nonseasonal fluctuations at the equator and along the eastern boundary [Wyrtki, 1975; Hickey, 1975] . In the western tropical Pacific there is a drastic decrease in sea level and in thermocline depth during the £1 Nino year [Hickey, 1975; Wyrtki, 1975 Wyrtki, , 1977 Wyrtki, , 1979 Meyers, 1982] . The largest drop in sea level occurs north of the equator. The sea-level record at Truk. Island is representative of the variability in this region and is one of the longest time series available. A lagged cross-correlation analysis [Hickey, 1975] indicates that a maximum negative correlation of sea level between the eastern and western Pacific occurs when the eastern Pacific leads by several months. In the central equatorial Pacific, sea-level data from Canton Island and Christmas Island indicate an anomalous rise in sea level during the latter half of the £1 Nino year. The processes responsible for the phase relations between the eastern, central equatorial, and western Pacific are not understood. The model results that represent the 1961-1978 period will be used to provide insight into the causality of these relations.
MODEL AND WIND DATA
The ij-Iayer, reduced-gravity linear model on an equatorial f3-plane utilized by Busalacchi and O'Brien [1980, 1981] is used to extend their study of the interannual wind-driven Pacific Ocean response for 8 more years : 1971-1978 . The only dynamically important free parameter in the model is the first baroclinic phase speed c, which is assigned a value of 2.45 m s -I. The model geometry is an idealization of the tropical Pacific from 18°N to 12°8 (Figure 1 ). Open-boundary conditions at the northern and southern boundaries allow coastal Kelvin waves to propagate freely out of the model domain. A complete discussion of the model and its equations are included in the authors' previous work.
The wind stress data for [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] that made this extension possible were processed in the same manner as the 10 years of wind data in the previous study. Monthly estimates of the surface wind stress based on ship observations over the tropical Pacific were subjectively analyzed onto a 2° bỹ mesh [cf. Goldenberg and O'Brien, 1981] . The resulting data set, continuous in time and space, was input as a body force into the momentum equations of the model. Though
INTRODUCTION
In a previous study [Busalacchi and O'Brien, 1981] , 10 years of shipboard estimates of the tropical Pacific surface wind field were used to force a linear, reduced-gravity model. It was demonstrated that for 1961-1970 the interannual variability of pycnocline depth in the eastern Pacific was related to internal, equatorially trapped Kelvin waves excited in the central and western Pacific. Los Niilos of 1963 Niilos of , 1965 Niilos of , and 1969 were analyzed in terms of the model results. A westerly perturbation to the wind field in the western equatorial Pacific was identified as being responsible for the onset of the 1965 and 1969 events. Subsequent anomalous winds in the central Pacific resulted in maintaining a deep pycnocline at the eastern boundary during the EI Nino year. Recently, 8 additional years, 1971 Recently, 8 additional years, -1978 , of wind stress data became available. These data are used to extend the study of the interannual; wind-driven Pacific response through 1978. This new time period includes the 1972 EI Nino, the aborted event of 1975, and the 1976 EI Nino. These are compared with the events of the 1960's.
In the strictest sense, EI Nino is a term used presently to represent the anomalous occurrence and persistence of high sea-surface temperatures (SST) along the coast of Ecuador and Peru. It is used more loosely to represent anomalous high sea level and deep thermocline periods in the eastern Pacific consistent and coincident with the SST change. An El Nino occurrence is not an isolated phenomenon, rather it is one facet of global climate anomalies characterized by changes in the Southern Oscillation Index [Kidson, 1975] . With respect to the tropical Pacific Ocean, one might expect that large perturbations to the mean state are not unique to the eastern boundary region. Fortuitously, there are several island stations in key areas of the tropical Pacific ( Figure I ) from which sea-level time series can be used to monitor the interannual variability.
In the eastern Pacific, sea-level changes at the Galapagos the approach used in collecting and preparing the wind data is not the ultimate methodology for monitoring the wind field over the tropical Pacific Ocean, it has resulted in the only data set available with spatial and temporal resolution suitable for interannual modeling studies.
EASTERN PACIFIC RESPONSE
The 8-year extension of the numerical simulation encompasses three notable eastern Pacific events. Prior to 1983, the strongest El Nino since 1957 occurred during 1972 [Quinn et al., 1978] . The associated environmental changes resulted in the accelerated collapse of the Peruvian anchoveta fishery. Sea-surface temperatures (SST) off the coast of Ecuador and Peru were up to 4°C higher than the climatological monthly means. Sea level was as its highest point in years. The sea-level record at the Galapagos Islands ( Figure  2 ) is a useful indicator of this interannual variability along the eastern boundary [Wyrtki, 1975; Hickey, 1975] . Compared with previous Los Nifios, the onset of the 1972 event was later in the year. Positive SST anomalies were not apparent until March [Wyrtki, 1975] . Sea level did not peak until June, though the increase in sea level began in late 1971. Consistent with several previous E1 Nino events, a second peak in SST and sea level occurred at the end of the year.
In 1974 it was noted that there was an ongoing decrease in the Southern Oscillation Index [Wyrtki et al., 1976] . Based on prior studies linking a low Southern Oscillation Index with El Nino [Quinn, 1974] , a weak El Nino was predicted for 1975. An expedition mounted to observe this event found anomalous conditions present off the coast of Ecuador and Peru in February and March of 1975. The distribution of high SST anomalies, the changes in thermocline depth, and the elevated sea levels were similar to the onset phase of previous El Nino episodes. These conditions did not persist long enough and were not large enough in magnitllde for 1975 to be recognized as an El Nino year. By April and May the development of the warm episode had been aborted and conditions were returning to normal.
During 1976, El Nino conditions were again present in the eastern tropical Pacific Ocean. Quinn et al. [1978] have classified this event as moderate. Sea-surface temperatures were 2°-3°C above normal. As in the 1972 El Nino, sea level began to rise late in the previous year and peaked in June (Figure 2 ). Sea level reached a secondary mwmum toward the end of 1976 but was much smaller relative to the first peak than in the 1972 event.
A time series of the pycnocline height anomaly (PHA) at the location of the Galapagos Islands (Figure 3 ) depicts the vertical displacement of the model pycnocline throughout the 8-year integration. Upwelling and downwelling bursts of short duration constitute the variability in the entire record. As in Busalacchi and O'Brien [1981] the model pycnocline excursions at the Galapagos Islands are representative of the variability along the eastern boundary and lead all points poleward.
The model pycnocline was deepest, corresponding to elevated sea level, during the El Nino years of 1972 and 1976. Prior to the El Nino events, the pycnocline was shallow. The onset of the 1972 El Nino was preceded by a deepening of the pycnocline during the second half of 1971. The pycnocline reached its maximum depth in June, followed by a secondary maximum at the end of the El Nino I . I As was the case for the modeled eastern Pacific response during the 1960's, the interannual variability along the eastern bOundary is induced by internal, equatorially trapped Kelvin waves excited in the central and western Pacific. The cross correlation of the pycnocline variability at the equatorial eastern boundary with all points west along the equator demonstrates the influence of these waves (Figure 4) . The linear increase in lag away from the eastern boundary represents the eastward phase speed of the Kelvin waves. The linear increase in lead away from the eastern boundary represents the westward propagation of Rossby waves excited at the coast.
Away from the boundaries, the equatorial Kelvin waves can only be generated by the equatorial divergence caused by temporal fluctuations of the symmetric component of the zonal wind stress at the equator. A test calculation was performed in which the model was only driven by the zonal wind stress for the period mid-1973 through 1977. This was intended to test the premise that the interannual events in the eastern part of the basin are remotely forced by Kelvin waves. The time interval was chosen because it contained several large changes in depth of the pycnocline. The resulting pycnocline response along the eastern boundary was essentially the same as the total response to zonal and meridional winds. The cross correlation between the zonal wind stress solution and the total forced case was 0.99 at zero lag. The pycnocline variability at the eastern boundary for this linear model is the integrated response to the zonal equatorial wind stress fluctuations to the west ( Figure 5 ). The evolution of significant events, e.g., EI Nino occurrences, can be traced back in time and space along the Kelvin wave characteristics. In this manner the location of the forcing responsible for each event has been identified.
year. The 1976 El Nino was characterized by downwelling from mid-1975 to early-1976 , maximum pycnocline depths in June, and a deep pycnocline again in the latter half of the year. The weak event of 1975 was represented by a downwelled pycnocline at the beginning of the year, followed by a rapid upwelling, leaving a shallow pycnocline for the remainder of the year. The cross correlation of the model pycnocline variability and observed sea level, less the seasonal signals, is maximum at zero lag. The maximum correlation of 0.6 is significant at the 99% level. The degrees of freedom used in the significance test were determined by dividing the total record length by the integral time period needed to obtain tWo independent realizations [Davis, 1976] . Changing the phase speed of the model by ~30% changes the phase of the eastern boundary response by less than 1 month. When comparing with monthly mean observations, this shift in phase is not significant.
A major difference between the model pycnocline fluctuations and observed sea level is the presence of more highfrequency variability in the pycnocline time series. This is to be expected since the temporal resolution of the model pycnocline time series is much greater than the monthly sealevel record. In this single mode calculation the time scales of the upwelling and downwelling episodes in the east are indicative of the time and spatial scales of the wind changes to the west. The smallest time scale for changes at the equatorial eastern boundary is determined by the time it takes a Kelvin wave to propagate between two adjacent grid points with different zonal wind stress values. The addition of slower higher-order vertical modes may lead to longer duration events. Another possible reason for this discrepancy may be that the wind estimates used have more power at high frequencies than the actual wind field. dateline in March, produced a rapid recovery from the downwelling at the beginning of the year. A persistently deep pycnocline was not present at the eastern boundary in 1975. Consistent with observations, the event in early 1975 never matured into an El Nino.
The onset of the 1976 El Nino began when the winds west of 160oE started decreasing in October 1975. An eastward progression of this weakening transpired similar to the wind changes in 1972. A more rapid decrease in the trades between 140OW and the dateline during the first 4 months of 1976 was once again responsible for the large downwelling peak in June of the El Nino year. Continued weakening between 16QOW and 140oW produced the last downwelling pulse of the El Nino year. The zonal wind stress remained weak until December. Recovery from the 1976 El Nino began with a short period of intensified easterlies between 140oW and 1800 [Wyrtki, 1979] . The subsequent upwelling Kelvin wave front produced shallow pycnocline depths along the eastern boundary during the first half of 1977.
Comparisons [Wyrtki, 1977] to 160oW during the entire EI Nino year. Concurrent with the initial weakening in the west, there was an intensification of the central equatorial easterlies, 1300W-170OW, from midOctober until the end of 1971. The combined effect of weakening winds in the west and intensifying winds in the central Pacific yielded average pycnocline depths in the east at the beginning of 1972. From January through April, at 1200W-1800, there was a decrease in the zonal wind stress of more than 0.6 dynes cm-2. Thereafter, the winds in the central equatorial Pacific remained weak. This weakening of the easterlies excited a downwelling Kelvin wave front responsible for the deep model pycnocline (Figure 3 
WESTERN PACIFIC RESPONSE
Since Wyrtki (1975] proposed a scenario of El Nino, it has been thought that, because of strong easterlies, sea level in the western tropical Pacific was deserving of attention in the year preceding EI Nino. However, as Meyer" (1982J recently reported, and as shown in Figure 6 , the sea-level change at Truk Island is much more dramatic in EI Nino years themselves. Wyrtki (I979J examined the sea levels at widely scattered islands in the western Pacific Ocean for the 1976 EI Nino event. Widespread low sea levels were evident in the western tropical Pacific for the second half of the year. The maximum sea-level decrease was within a zonal band at soN-lOON. This indicates that Truk Island is located in an advantageous position to monitor the sea-level change during EI Nino years. The sea-level excursions in the Southern Hemisphere were smaller. The sea-level record at Truk Island is presented here because it is respresentative of the interannual changes in the western Pacific and is one of the longest time series available.
In every year classed as an 'EI Nino year,' for the period 1961-1978, a significant drop of the sea level is observed in the latter half of the year. Sustained significantly high sea levels are not necessarily observed in the year previous to every EI Nino. The decreases in sea level at Truk during EI Nino years have a common pattern. They begin in late winter or spring (February-May). In most cases (1963, 1969, 1972, and 1976) an initial sea-level minimum is attained in the middle of the year (Junc-September). The lowest sea level, as low as 20 cm below the annual average, is reached at the end of the year. This is followed by a rapid recovery within the next few months, usually from January to April of the following year.
The time series of the model pycnocline displacement at the location of Truk Island is depicted in Figure 7 . The time series is characterized by several shallow pycnocline events. Except for 1966, these events occur during the latter half of an El Nino year and correspond well to the sea-level time series at Truk ( Figure 6 ). Note again that a shallow pycnocline (positive PHA) corresponds to low sea level. As expected from this comparison, the correlation between the observed sea level and the model pycnocline at Truk has a maximum as high as 0.76 at zero lag.
The spatial distribution of the anomalous model pycnocline depths in an El Nino year is also in agreement with the observations. Figure 8 shows the difference in depth of the model pycnocline for the western Pacific between October 1976 and October 1975. The spatial structure of the change in pycnocline depth agrees with the observations shown by Wyrtki [1979, Figure 7] , except for the region close to the northern open boundary of the model. The maximum pycnocline rise is also found around 5°N-l O~. A smaller maximum is found in the Southern Hemisphere near the western boundary .
A latitude-time diagram of the model pycnocline at I~OE for the period 1971 to 1m (Figure 9 ) is convenient for examining the meridional distribution of the shallow pycnocline during El Nino years. The longitude 16QOE is selected to avoid the effects of the western boundary in the Southern Hemisphere. It is not considered inadequate to choose 16QOE as being representative of the western tropical Pacific, since the model pycnocline variability at 7 .5°N, 16QOE has a similar time series to that of Truk Island.
In both the 1972 and 1976 cases the maximum positive pycnocline anomalies take place around rN. Anomalies in the Southern Hemisphere are smaller for both El Nino events. Also common to both events are smaller positive anomalies found in both hemispheres 3-4 months prior to the main peaks. The latitudes of the smaller anomalies are 4°-6° from the equator, depending on the event and the hemisphere, but always closer to the equator than the maximum anomalies. These earlier periods of shallow pycnocline depth are more symmetric to the equator than the latter ones and represent the initial shallowing of the pycnocline at Truk Island. The maximum positive anomaly at 7"N corresponds to the period when the pycnocline was shallow at Truk near the end of the El Nino year. This pattern of pycnocline depth change is not as evident in the El Nino events of the 1~'s. For example, during the 1965 El Nino, the maximum positive pycnocline anomalies are more symmetric to the equator. However. it can be stated that the This compares with the 35 cm S-I phase speed (cn) for third latitudinal-mode Rossby waves and the 38 cm s -I phase speed (~/.BY2) at 7.5°N, representing the superposition of many equatorially trapped Rossby waves. Projection of the meridional pyc~ocline structure onto all the free modes of the system indicates the largest model pycnocline variations at Truk are associated with third-mode Rossby waves. At low frequencies the third-mode, equatorially trapped Rossby wave has a maximum pressure field amplitude at ~6.3° from the equator. The amplitude of the third-mode Rossby wave at 7.5°N is 84% of that maximum. Since the total response at 7.5°N is a superposition of a number of equatorially trapped Rossby waves, the variability at Truk is also influenced to a lesser degree by first, second, and fourth Rossby modes. The influence of each mode is determined by the spatial distribution of the wind forcing to the east during each event.
As discussed in the previous section, relaxation of the easterlies takes place in the central and western Pacific during El Nino. It is suspected that the wind changes responsible for high sea level in the eastern equatorial Pacific through the generation of equatorial Kelvin waves may also be responsible for low sea level in the western tropical Pacific through the generation of Rossby waves at the same time. McCreary [1977] showed that the onset of westerlies, which is equivalent to the relaxation of easterlies in linear theory, generates an eastward-propagating, downwelling, equatorial Kelvin wave front and a westward-propagating, upwelling, Rossby wave front which has minimum pressure on both sides of the equator. Therefore, it seems quite reasonable to attribute the decrease of sea level in the western tropical Pacific to the relaxation of the easterlies. This would also explain the negative correlation and phase lag between the equatorial eastern boundary and western boundary variability [Busalacchi and O'Brien, 1981] phase speed of the Kelvin wave is several times faster than the Rossby wave, the maximum pycnocline depth in the east may be expected to precede the minimum pycnocline depth in the west during El Nino.
In McCreary's study, the wind stress and the resultant sea-level distribution were symmetric about the equator. The observed sea level and the model pycnocline fluctuations presented here, however, are not symmetric about the equator. This tendency for the largest sea-leveVpycnocline displacements to occur north of the equator suggests that the relaxation of the easterlies may not be symmetric to the equator. To judge if this is true, the meridional distribution of the wind stress variability is examined next.
Only the zonal component of the wind stress is considered because it is more important in forcing low-frequency motion in the equatorial ocean. This is supported by the test calculation when the model was forced only by the zonal wind stress for mid-1973 through 1977. At Truk the pycnocline response to zonal forcing is very similar to that for the full model calculation forced by both zonal and meridional components. The meridional structure of the zonal wind stress variability is obtained by averaging the zonal wind stress (less the mean) between 16()OE and 1400W for 1971 to 1978 ( Figure II) . The longitudinal range is chosen to include the major wind stress changes in El Nino years. The width of each wind event is 300-400 of longitude. The area west of I60OE is omitted because long Rossby waves generated there have no influence eastward.
The winds are predominantly easterly for the range l60oE-l40oW, so positive values in Figure II The easterlies at the equator were also weaker than usual beyond March. Does such a distribution of decreasing easterlies cause the pressure field distribution found in Figure 9 ? The response of the ocean to an idealized wind forcing event is calculated to determine this. An eastward wind stress anomaly, which has a latitude-time pattern shown in Figure 12a , is constant in the zonal direction between tWo meridians, and is zero outside of it, is assumed. The width of the region is taken to be 3300 kIn, corresponding to about 30° of longitude. This idealized forcing is a crude approximation of the relaxation and recovery phase of the northeast trades during the 1972 and 1976 Los Nilios. A similar anomalous, asymmetric weakening of the easterlies in the western Pacific was noted in the empirical orthogonal function analysis of Barnett [1977, Figure 5] . McCreary [1976] used such a decrease in the northeast trades to study the El Nino response in the eastern tropical Pacific. Initially, the model ocean is assumed to be at rest; The geostrophic balance is assumed for the zonal momentum equation. Forcing functions for equatorial Rossby modes are calculated analytically from the wind distribution of Figure  12a and then integrated numerically along the characteristics of each mode. The latitude-time distribution of pressure along the meridian at the west end of the forcing region is calculated and shown in Figure 12b .
The response to the idealized forcing (Figure 12b ) has
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some similiarities with the modeled response of the western tropical Pacific in EI Nino years ( Figure 9 ). The response has a peak in each hemisphere, although the wind forcing is mostly in the Northern Hemisphere. The largest response is north of the equator. The minimum pycnocline depth appears near soN, approximately 1-2 months after the windforcing minimum. This supports the idea that attributes sealevel anomalies in the western tropical Pacific in the latter half of the El Nino year to the weakening of easterlies centered north of the equator. A similar region of shallow pycnocline depths in the northwestern part of McCreary's [1976] model domain formed the northern boundary for an eastward current anomaly interpreted as an intensification of the North Equatorial Countercurrent.
The response of the model ocean is fairly sensitive to the location of the wind forcing. If the center of the easterly perturbation shifts northward to around lOON, similar to the location for the center of nonnal seasonal weakening, the low-latitude response becomes considerably smaller, and the maximum response shifts northward more than the shift of the wind forcing ( Figure 13 ). In this case most of the forced motion occurs north of 5°N. This may explain why the relaxation of the easterlies found in the latter half of most years produces only a small response in the low latitudes of the western tropical Pacific, except in El Nino years.
Four or five months prior to the main weakening of the northeast trades, weakened easterlies exist about the equator in both 1972 and 1976 (Figure 11 ). Since the wind anomalies are maximum near the equator, the response of the ocean should be more nearly symmetric with the equator. Late in the EI Nino year, the relaxation of the northeast trades is followed by strong westward anomalies. The switch from eastward to westward anomalies takes place very rapidly. This rapid recovery of the easterlies, along with the earlier eastward anomalies near the equator, might provide a more complete description of the typical sea-level change at Truk Island during an EI Nino event, i.e., a two-step drop in sea level during the EI Nino year with lowest sea level occurring at the end of the year followed by a rapid rising. Another idealized forcing calculation is performed in which there are minimum easterlies at the equator in AprilMay, minimum northeast trades in September, foUowed by a rapid strengthening that yields anomalously strong northeast trades in the following January (Figure 14a ). The resulting pycnocline response (Figure 14b) is initially symmetric about the equator, with minimum pycnocline depths at ~5° in May-July. The remainder of the response is not symmetric to the equator, whereby the pycnocline depth minimum is located at 9°N in October-November. This compares favorably with the shallow pycnocline depths of the 1972 and 1976 events depicted in Figure 9 . The pycnocline response (Figure 14b ) at 7.5°N is also similar to that at Truk Island during an EI Nino year (Figure 7 ). There is an initial shoaling of the pycnocline from April to June, foUowed by a few months during which there is a slight increase in pycnocline depth, further rising of the pycnocline until October-November. and a final rapid increase in pycnocline depth. tor. The amplitude of Rossby-wave pressure variations at Christmas and Canton islands are 80% and 95% of the maximum, respectively. Therefore, it is suggested that sea level at these islands is strongly influenced by both Kelvin and first-mode Rossby waves. It is impossible to separate Kelvin and Rossby signals from the observed sea levels at these islands. Fortunately, the model pycnocline variability is similar, at times, to the observed sea level. It is possible to get some hint of the contributions of Kelvin and Rossby waves to the sea-level variations by projecting the model pycnocline structure onto the Kelvin and Rossby wave components.
In Figures 15 and 16 , Kelvin and first-mode Rossby wave components of the model pycnocline are plotted for the 1965 EI Nino event at Canton and Christmas islands. Most of the variations of the model pycnocline at both islands are attributed to Kelvin waves and first-mode Rossby waves. The influence of the higher-order Rossby modes at such low latitudes is small. The pycnocline variability at Christmas Island contains a slightly larger Kelvin wave signal than at Canton Island. Since Christmas Island is located closer to the equator than Canton Island, if the amplitudes of the Kelvin waves at the longitudes of these islands are the same, Christmas Island would experience a stronger Kelvin wave signal than would Canton Island. In addition, the longitudinallocation of these islands can also lead to stronger Kelvin signals at Christmas Island since the Kelvin waves generated between the longitudes of both islands only reach Christmas Island, which is further east. By similar reasoning, Canton Island is likely to receive more Rossby signals than Christmas Island, since the Rossby waves generated between the islands add constructively.
For the 1965 EI Nino the downwelling peak at the beginning of the year at both islands is primarily due to the Kelvin wave component. The shallow pycnocline in March-April is greatly influenced by the upwelling Rossby wave front discussed in the previous section. Another deep pycnocline episode occurs in the second half of the year. However, in this latter downwelling event the first-mode Rossby wave component shares the role of depressing the pycnocline. At Christmas Island the downwelling peaks of the Kelvin wave component and first-mode Rossby wave component have a slight time lag and result in a double peak in the pycnocline by westward-propagating Rossby waves. In the central equatorial Pacific there are not many long-term observations. The sea-level data at Canton and Christmas islands are among the few available. The location of these two islands is important for two reasons. First, longitudinally, they are in a region where there are important wind stress changes to the east and west. The sea levels at these islands may therefore be affected by both Kelvin waves generated west of the islands and Rossby waves generated east of the islands. Second, latitudinally, these islands are situated where both Kelvin waves and first-mode Rossby waves have relatively high amplitudes in the pressure field. Unfortunately, the time series from these islands are not continuous and do not cover the entire 18 years of interest. Furthermore, data are missing during several El Niflo events. Nonetheless, the most significant features are high sea levels at both islands during the second half of an El Nino year. Smaller high sea-level peaks are often found at the beginning of an El Nino year. A lagged cross correlation with the model pycnocline time series is impossible because of the data gaps in the sea-level record. A zero-lag cross correlation can be performed if the sea-level observations are concatenated and then correlated with the corresponding points in time for the model pycnocline record. The zero-lag cross correlations are 0.40 at Canton Island and 0.67 at Christmas Island. Instead of comparing the observed sea level and model pycnocline variations, it is of interest to know the relationship of these variations at Christmas and Canton islands to those in the eastern and western Pacific discussed in the previous sections. This may aid future analyses of sea-level records when complete time series become available.
For the baroclinic phase speed chosen in this study the equatorial radius of deformation is 2.94° (327 km). At the latitudes of Christmas Island, 2°N, and Canton Island, 2.8°S, sea-level variations caused by an equatorial Kelvin wave are 80% and 64% of that at the equator, respectively. At low frequencies, the first-mode equatorial Rossby wave has its maximum pressure field amplitude at z3.6° from the equa- variability. This feature is also present in the observed sealevel record.
The temporal variation of the Kelvin wave component at these two islands is similar at a slight time lag. The variability at the Galapagos Islands is also similar at a lag of about 1.5 months. The downwelling peak of the Kelvin wave component at the beginning of the year does not change much in amplitude as it passes Canton, Christmas, and Galapagos islands. Later in the year, a second peak grows in amplitude as it passes the three islands. This suggests that the forcing region of the Kelvin wave front responsible for the deep pycnocline in the beginning of the year is west of the forcing region for the Kelvin wave front excited later in the year. This is common among several El Nino events in this IS-year period and consistent with the previous identification of the forcing regions.
The 1972 El Nino (Figure 17 ) provides another interesting example of the relationship between the effects of the Kelvin waves and the Rossby waves. In this event the Kelvin-wave component exhibits two downwelling peaks: at the beginning and middle of the year. The initial downwelling Kelvin-wave signal of 1972, which emanates in the west, has little influence on the pycnocline depth at Galapagos because of intensified easterlies in the central Pacific. This intensification, from mid-October until the end of 1971, is responsible for the downwelling Rossby-wave response at Canton Island at the beginning of 1972. The Kelvin-wave peak later in the year is not found in the total pycnocline signal at Canton Island because the Kelvin-wave component is canceled out by an upwelling first-mode Rossby-wave contribution. At Galapagos, this second Kelvin-wave signal is no longer affected by a Rossby wave and thereby contributes to a deep pycnocline in June. The large downwelling at the end of 1972 is mainly a Rossby-wave response.
It appears there may be great difficulty in interpreting the sea-level data at Canton and Christmas islands because of the interplay between Kelvin waves and Rossby waves from one event to the next. This is also evident if the IS-year pycnocline records for all points along a longitude representative of Canton or Christmas islands are correlated with the model pycnocline variability at Galapagos. At 2°-3° from the equator the influence of the Kelvin waves has been reduced enough that the resulting maximum positive correla-~t ion when the central Pacific leads Galapagos is comparable to the maximum negative correlation caused by Rossby waves when the central Pacific variability lags Galapagos. At times the sea-level data of Canton and Christmas islands can be used to discuss the passage of Kelvin waves. However. the present study suggests a strong influence from first-mode equatorial Rossby waves. In order to fully understand the processes responsible for the observed sea-level variability at these islands it is necessary to know the sea-level and wind stress variability to the east and west or the meridional structure of the sea-level variability.
SUMMARY AND CONCLUSIONS
The results of a linear. wind-driven numerical model have been used to study the interannual variability of the eastern, central equatorial, and western Pacific for a span of 18 years. Such a model provides a straightforward way of assessing the basinwide response to the overlying wind field in a manner that would not be possible by studying the wind field variability. Monthly estimates of the observed surface wind field over the tropical Pacific were used to force the model for 1961 -1970 [Busalacchi and O'Brien, 1981 cline displacements in the east, may be masked temporarily by a superposition with Rossby waves of opposite sign.
The results of this numerical simulation have also provided some information regarding monitoring the tropical Pacific wind field. In view of the correlations between the model results and observations at several locations, important fluctuations in the low-latitude surface wind field must have been large enough in space and time to have been resolved by shipboard estimates. Admittedly, there are several problems with this method of observing the wind field, but it is the only data set available that is suitable for interannual modeling studies. Nonetheless, this study has demonstrated a definite need for continuous monitoring of the detailed structure of the entire tropical Pacific wind field.
With respect to real-time wind monitoring, the simulations of the El Nino events for [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] indicate that a predictive capability for El Nino will not be straightforward. At the present time, persistence of anomalous conditions in the tropical atmosphere cannot be predicted. An example of why this is important is the aborted event of 1975, when the winds in t~e western Pacific initially weakened in a manner similar to the onset of previous El Nino events. Shortly thereafter the winds abruptly intensified and remained strong. Monitoring a significant wind relaxation without knowledge of the subsequent intensification may lead to an erroneous El Nino prediction. Furthermore, equal weight must be given to all regions when monitoring the tropical Pacific wind field. As illustrated by the conditions during the first several months of 1972, an anomalous decrease in the trade winds in the western Pacific may be followed by an intensification of the winds in the central Pacific. The net result of such circumstances being no change in the eastern Pacific.
The wind-driven modeling results presented here have shown that a significant amount of the observed interannual sea-level variability in the eastern, central equatorial, and western Pacific can be accounted for by linear theory when reasonable estimates of the wind field are provided. Internal Kelvin and Rossby waves play important roles in determining the variability throughout the tropical Pacific. Drastic shoaling of the pycnocline in the western Pacific during El Nino may be induced by Rossby waves excited by changes in strength and position of the northeast trades. In the eastern tropical Pacific, remotely forced Kelvin waves generated in the central and western Pacific are responsible for the El Nino pycnocline displacements. By definition, El Nino is associated with high SST, but at present the cause and effect relation of Kelvin-wave-induced deep thermocline depths and SST is insufficiently understood.
Hemisphere. For the El Nino events of the 1970's the pycnocline was deepest during the low SST season, and SST anomalies were larger than in the previous decade. Does a depression of the thermocline during the auroral fall and winter result in a larger positive SST anomaly than a thermocline depression in summer? Modeling efforts that include thermodynamics will provide much needed information on such relations between thermocline depth, vertical velocity, and SST.
The interannual variability in the western tropical Pacific was characterized by a shoaling of the model pycnocline and an observed drop in sea level in all El Nino years. Maximum changes in model pycnocline depth and observed sea level occurred at 5~-IOON. Trok Island, at 7.5°N, 151.~E, is in a strategic position to monitor these fluctuations. The model pycnocline time series at Trok was highly correlated at zero lag with the observed sea-level record. A majority of the pycnocline variability at Trok was due to westward-propagating, third-latitudinal-mode Rossby waves.
The shallow pycnocline and low sea level at the end of the El Nino year were attributed to ar/ upwelling Rossby-wave front excited by an asymmetric decrease in the trade winds to the east. Related wind changes at the equator were responsible for downwelling at the eastern boundary in the middle and end of the El Nino year, thereby explaining the out-of-phase relation between the eastern and western tropical Pacific during the El Nino simulations. A simple analytical model, forced by an idealization of this weakening, yielded an upwelling Rossby-wave response in both hemispheres west of the forcing, with maximum upwelling at 8°N, 1-2 months after the minimum wind forcing. When the idealized forcing consisted of decreasing southeast trades symmetric about the equator at the beginning of the El Nino year, followed by the El Nino weakening of the portheast trades and a subsequent recovery of the northeast trades, the response at 7°N-8°N was in qualitative agreement with the model pycnocline variability at Trok during the 1972 and 1976 events. This modeled oceanic response was strongly dependent on the location of the weakened trade winds. When the center of the easterly perturbation was shifted northward to looN, similar to the normal location of the maximum seasonal weakening, the low-latitude response was considerably smaller, and the maximum response was displaced northward more than the shift of the forcing. This may account for differences between the seasonal and nonseasonal response in the western tropical Pacific. In the central equatorial Pacific, limited sea-level records were available for Canton and Christmas islands. This is an area for which there are important wind changes to the east and west during El Nino. These islands are subject to the influence of equatorially trapped Kelvin waves excited to the west and long Rossby waves generated to the east. Since these islands are located 20_30 from the equator, the Kelvinwave amplitude is reduced and the Rossby-wave amplitude is increased relative to that at the equator. Decomposition of the model pycnocline variability at these islands indicated that almost all of the signal was due to Kelvin waves and first-latitudinal-mode Rossby waves. The superposition of Kelvin and Rossby waves during EI Nino changes from one event to another, depending on the location and timing of the forcings. Analysis of sea-level variability in the central equatorial Pacific is therefore difficult because Kelvin-wave signals generated in the west, and ultimately causing pycno-
